The critical current densities (J c ) of Nb47 wt% Ti-Cu multilayers were investigated for the Nb-Ti layer thickness ranging from d s ϭ10 to 100 nm and for fixed Cu thickness d n ϭ10 nm. J c showed a strong enhancement with decreasing d s , reaching new very high values in this system ͓0.91 MA/cm 2 ͑5 T͒ and 0.38 MA/cm 2 ͑7 T͔͒ for d s ϭ30 nm, declining at smaller d s . The nonmonotonic dependence of J c on d s arises from competition between the enhanced pinning force produced by the increased pin density at smaller d s which is opposed by a proximity-effect-induced depression of T c at smaller superconductor thickness. © 1996 American Institute of Physics.
Since the final shape of the pinning centers in real APC conductors usually turns out to be quite irregular, it is difficult to quantify the microstructure of the optimum pinning network 4 which, in turn, makes it difficult to optimize selection of the best materials for APC production wires. Given these uncertainties, it is not surprising that the ultimate limit of J c of APC wires is unclear. In order to clarify these issues we have made model multilayer structures in which both the pin geometry and pin composition can be changed in a controlled way.
In this letter we report on the J c of dc magnetron sputtered Nb47%Ti-Cu multilayers with varying thicknesses of Nb-Ti (d s ) and a constant Cu thickness (d n ). Here, d s was varied in the 10-100 nm range, while d n ϭ10 nm was kept fixed so as to match the fluxon core size, 2͑4. The multilayers were fabricated by two-gun dcmagnetron sputtering onto ͑1102͒ 5 mmϫ10 mm sapphire substrates held at room temperature. The base pressure p of the sputtering system was 5ϫ10 Ϫ8 Torr and the deposition was done in Ar plasma at pϭ2 mTorr. The multilayer structure was obtained by programmable positioning of the substrate in front of the sputtering guns which had Nb 47 wt % Ti and Cu targets of 99.9% and 99.99% purity, respectively. Cu was deposited at 75 W power and Nb 47 wt % Ti with 250 W power applied to the target, resulting in deposition rates of 12.1 Å/s and 10.6 Å/s for Nb-Ti and Cu, respectively. The thickness of individual layers was determined from the deposition times and measured with an Alpha-Step 200 profilometer with an accuracy of about 5%. A 10 nm Cu layer was deposited onto the substrate before multilayer deposition and as a cap after it was complete.
A set of five samples was fabricated having d n ϭ10 nm and different d s : 10, 30, 50, 70, and 100 nm. The total number of layers varied from 50 to 11 in order to maintain the total thickness at 1 m. -2 x-ray diffractometry scans showed two peaks at 38.78°͑NbTi͒ and 43.07°͑Cu͒ with intensities proportional to the volume fraction of the components. Low angle diffractometer scans had a distinct satellite peak structure reflecting a good multilayer periodicity. Modulation wavelengths calculated from low angle x-ray diffraction scans 5, 6 were within 15% of the values expected from the deposition rates. Transmission electron microscopy on several samples confirmed periodic structure of the samples and previous size measurements. The samples were patterned photolithographically and etched with HF/HNO 3 to produce 50 m wide by 3 mm long bridges. J c , defined at 1 V/cm, was measured by the four-probe method. The particular selection of the voltage criterion had little effect on observed J c values since the samples exhibited very sharp resistive transition. The magnetic field 0ϽBϽ12 T was applied parallel to the layers and was always perpendicular to the transport current flowing along the layers. The field was aligned parallel to the layers by using a goniometer with an angular resolution of 0.015°by finding the maximum in the angular dependence of J c (B). Critical temperature T c and the upper critical field B c2 were obtained by measuring the sample resistivity R(T,H) and using the Rϭ0.01%R n criterion, where R n is the normal state resistance.
The representative J c (B) curves shown in Fig. 1 exhibit a characteristic nonmonotonic J c (B) dependence with a lowfield minimum in J c , followed by a rise in J c over a certain field range and then a decline of J c as B is further increased. This effect increased with decreasing d s , as previously observed. 7, 8 We found that B c2 first slightly increased for thinner d s ͑10.7 T for 100 nm and 11 T for 30 nm͒, but then decreased to 8.7 T for d s ϭ10 nm. The 10 nm sample exhibited two sharp peaks in J c (B) at 1.7 and 3 T, which may be due to matching of the vortex lattice to the multilayer structure, whose period 20 nm is close to the spacing between neighboring vortex rows (ͱ3 0 /2B) 1/2 Ϸ22 nm at 3.5 T. The inset to Fig. 1 compares the J c of the 30 nm sample with the best published Nb-Ti/Nb multilayer 9 and APC wire 10 with randomly oriented Cu and Nb pins. The 30 nm sample displays J c values which are more than twice as high as the best APC and conventionally optimized Nb-Ti materials in the crucial high field region BϾ6 T. 10 As seen from Fig. 3 . Here, T c declines from 8.3 to 6.6 K as d s diminishes from 100 to 10 nm, and matrix/pin ratio goes from 10:1 to 1:1. The data imply a power-law dependence T c (d s ) typical for proximity-coupled systems:
where T c0 ϭ9.1 K is the bulk critical temperature, 12 aϭ1.85 nm, and ␣ϭ0.42. The small values of ␣ϳ0.3 in Eq. ͑1͒ indicate strong proximity coupling and a weak T c suppression, unlike, say, ferromagnetic multilayers for which ␣ϭ2.
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The thickness dependence of J c in Fig. 2 can be due to the following physical mechanisms. Because of their good proximity coupling, the high purity Cu layers only weakly depress B c2 , thus behaving as planar high J c Josephson contacts which provide very strong magnetic and core pinning of vortices which are closer than the effective interaction length lϷJ d /J p . 13 Here, J p is the density of tunneling supercurrent through the normal layers, J d Ϸc 0 /16 2 2 is the Nb-Ti depairing current density, 0 is the flux quantum, and c is the speed of light. In our best 30 nm multilayer, the half-thickness of Nb-Ti was only 3, so the current density, J(d s /2)ϭc 0 /4 2 2 d s circulating at a distance d s /2 from the core is comparable to J d , which is Ϸ3ϫ10 7 A/cm 2 for Nb47 wt %Ti.
14 Since J d is much higher than the J p , which can be transmitted through even strongly proximity coupled Cu layers, we have lӷd s , so that any given vortex strongly interacts with many Cu layers. This implies that at distances ϳd s from the core, only a small fraction of the vortex screening currents can pass through the Cu pinning layers which thus effectively behave as insulating interfaces having very strong magnetic pinning comparable to that in a thin film of thickness ϳd s . 13 In the case 2lϾd s the elementary pinning force f p experienced by a vortex moving across the Nb-Ti layers can then be estimated from the well-known result for thin (d s Ӷ) films: 14 -16 
